p53-Binding protein 1 (53BP1) encodes a critical checkpoint protein that localizes to sites of DNA double-strand breaks (DSBs) and participates in DSB repair. Mice that are 53bp1 deficient or hemizygous have an increased incidence of lymphoid malignancies. However, 53BP1 abnormalities in primary human tumors have not been described. By combining high-density single nucleotide polymorphism (HD SNP) array data and gene expression profiles, we found 9 of 63 newly diagnosed human diffuse large B-cell lymphomas (DLBCLs) with single copy loss of the chromosome 15q15 region including the 53BP1 locus; these nine tumors also had significantly lower levels of 53BP1 transcripts. 53BP1 single copy loss found with the HD SNP array platform was subsequently confirmed by fluorescence in situ hybridization. These studies highlight the role of 53BP1 copy loss in primary human DLBCLs and the value of integrative analyses in detecting this genetic lesion in human tumors.
Introduction
DNA-damage response mechanisms are crucial for genomic stability and defects in DNA-damage repair have been associated with cancer. A major form of DNA damage, DNA double-strand breaks (DSBs), results from exogenous and endogenous causes such as ionizing irradiation or free-radial accumulation.
Developmentally programmed DNA breaks also occur in normal B and T lymphocytes during the assembly of immunoglobulin and cell surface antigen receptors. In activated mature B cells, specific DSBs are introduced into the immunoglobulin heavy chain (IgH) locus during IgH class-switch recombination (CSR) which involves the exchange of IgH constant region exons (Chaudhuri and Alt, 2004; Manis et al., 2004) .
One of the major pathways by which DNA DSBs are repaired is non-homologous end joining (NHEJ). The introduction of DSBs activates phosphatidylinositol 3-kinase-like proteins that phosphorylate specific residues in DNA-damage response proteins including the histone variant, H2AX, and the p53-binding protein 1 (53BP1). Phosphorylated H2AX (g-H2AX) and 53BP1 accumulate at presumptive sites of DNA damage, forming foci that flank DSBs in preparation for NHEJ (Mochan et al., 2004; Adams and Carpenter, 2006; Franco et al., 2006a) .
Although 53BP1 was originally identified as a p53-interacting protein, its accumulation at DNA-damage foci is independent of p53 function. Recent studies indicate that 53BP1 is required for IgH CSR in normal activated B cells (Manis et al., 2004) . 53BP1 has also been implicated in precancerous lesions in which aberrant cellular proliferation triggers DNA replication stress, the formation of DNA DSBs and the localization of 53BP1 to discrete nuclear foci (Gorgoulis et al., 2005) . In these studies, the progression of preneoplastic lesions to overt carcinomas was associated with reduced expression of 53BP1 in some tumors and less evidence of apoptosis. These observations suggested a model in which decreased expression of 53BP1 and ineffective DNA DSB repair was followed by loss of cell-cycle checkpoints and malignant transformation (Gorgoulis et al., 2005) .
Murine models of 53bp1 deficiency confirm the role of this DNA-damage response protein in tumor suppression. In initial murine models, 53bp1 À/À animals had an increased incidence of early-onset thymic lymphomas (Ward et al., 2003b) . In these studies, there was a close association between 53bp1 protein abundance and gene copy number, with 53bp1 þ /À cells from hemizygous animals expressing intermediate levels of the damage response protein (Ward et al., 2003b) . With additional long-term follow-up, both 53bp1 À/À and 53bp1 þ /À mice had an increased incidence of late-onset tumors (Ward et al., 2005) . Furthermore, in a p53 null background, the loss of one or both copies of 53bp1 dramatically increased both the incidence and rapidity of onset of lymphoid malignancies including thymic and B-cell tumors (Ward et al., 2005) . In an additional murine model of 53bp1 and p53 deficiency, only 53bp1
animals had an increased incidence of T-and B-cell lymphoma (Morales et al., 2006) . Of note, when normal 53bp1 À/À B cells were activated for CSR, these lymphocytes exhibited dramatically increased genomic instability and frequent IgH chromosomal breaks and translocations (Franco et al., 2006a, b) .
In additional analyses, the consequences of complete or partial 53bp1 deficiency on DSB repair were also examined in p53 þ / þ murine embryonic fibroblasts (Ward et al., 2005) . Following irradiation, the numbers of g-H2AX foci, chromosome breaks and aneuploid cells were highest in 53bp1 À/À cells, lowest in 53bp1
cells and intermediate in cells with 53bp1 single copy loss (Ward et al., 2005) . Taken together, these data suggested that 53bp1 hemizygosity and the associated reduction in 53bp1 protein levels were sufficient to compromise DNA-damage repair and promote lymphoid tumor development (Ward et al., 2005) . Although in vitro functional analyses and murine genetic models strongly implicated 53bp1 copy loss in lymphomagenesis, there have been no descriptions of 53BP1 homo-or hemizygosity in primary human tumors including lymphoid malignancies. Herein, we report 53BP1 hemizygosity in a subset of human primary diffuse large B-cell lymphomas (DLBCLs) evaluated using integrated high-density single nucleotide polymorphism (HD SNP) array data and transcriptional profiles.
Results
53BP1 copy loss and decreased expression in a subset of DLBCLs Integrative analysis of the primary DLBCLs series revealed significantly decreased copy numbers of chromosome 15 band q15 and lower transcript levels of genes mapping to this region, including 53BP1. Using the previously described dChipSNP algorithm (Lin et al., 2004; Zhao et al., 2004; Garraway et al., 2005) , seven of the 63 tumors were predicted to have only one copy of the 53BP1 gene, detected with the SNP_A-1659281 (rs10518815) and SNP_A-1657986 (rs555252) probes.
The recently developed genomic identification of significant targets in cancer ( Given the known role of 53bp1 copy loss in murine B-and T-cell lymphomas, we compared 53BP1 transcript abundance in the primary human DLBCLs with predicted 53BP1 copy loss (n ¼ 9) and normal copy numbers (n ¼ 54) (Figure 2 ). Tumors with predicted 53BP1 copy loss had significantly lower 53BP1 transcript levels (P ¼ 0.007) (Figure 2 ).
Recent genome-wide analyses of copy-number variations in normal populations revealed significant deletion (Beroukhim et al., submitted) . SNP positions are represented on the horizontal axis and FDR-corrected P-values (Benjamini and Hochberg, 1995) are displayed on the vertical axis. The 53BP1 gene (arrow) is shown to fall within the deletion peak boundaries (dashed green lines). (b) High-resolution display of the 53BP1 copy loss in nine primary DLBCLs. The horizontal axis indicates the position of SNPs within the 53BP1 locus at chromosome 15q15. The vertical axis shows the predicted copy number. Red lines indicate the segmented copy numbers of the nine hemizygous DLBCLs. Red dots correspond to the raw copy numbers for the same cases. Blue (dotted) lines indicate the (extended) boundaries of the deletion peak. The GISTIC method confirms the dChipSNP prediction of 53BP1 copy loss in seven tumors and identifies two additional DLBCLs with predicted 53BP1 copy loss. 53BP1, p53-binding protein 1; DLBCLs, diffuse large B-cell lymphomas; FDR, false discovery rate.
53BP1 copy loss in DLBCL K Takeyama et al variants including a region of 15q15 (Iafrate et al., 2004; Conrad et al., 2006; McCarroll et al., 2006; Redon et al., 2006) . For this reason, we asked whether the region of copy loss in primary DLBCLs was within the described 15q15 region of normal variation, and found a partial overlap. However, the latest mapping information (Redon et al., 2006) indicates that the 53BP1 locus is not located within this overlap region.
53BP1 FISH analysis
To confirm the predicted 53BP1 copy loss in a cohort of DLBCLs, we analysed the 53BP1 locus by fluorescence in situ hybridization (FISH). Two primary tumors with predicted 53BP1 copy loss had available frozen tissue for the requisite touch preparations. The first DLBCL had only one signal with 53BP1 probe, whereas the tumor had two signals for the control probe at 15p11.2 (Figure 3a) . The second tumor also had only one 53BP1 signal and either two or three control probe signals (Figure 3b) . In contrast, all of the five DLBCLs with predicted normal 53BP1 copy numbers had two signals for both the 53BP1 and the control probes (data not shown). Taken together, these FISH data confirm the 53BP1 copy numbers in primary DLBCLs assessed by HD SNP arrays.
Analysis of remaining 53BP1 allele
We next assessed the integrity of the remaining 53BP1 allele in the nine DLBCLs with loss of one copy of 53BP1 by performing genomic PCR amplification and direct sequencing of all 53BP1 coding regions including exonintron junctions. In seven tumors, the remaining 53BP1 allele had a normal sequence; two DLBCLs exhibited two previously described SNPs, which resulted in amino-acid changes, D353E and K1136Q (NCBI SNP database (dbSNP; http://www.ncbi.nlm.nih.gov/SNP)).
Since the K1136Q SNP is within the 53BP1 domain thought to be required for g-H2AX binding in vitro (Ward et al., 2003a) , we compared the ability of 53BP1-K1136Q and wild-type 53BP1 to associate with g-H2AX and form irradiation-induced foci in 293T cells. The respective wild-type and K1136Q 53BP1 proteins performed similarly in these assays (Supplementary Information).
Genetic analysis of DLBCLs with 53BP1 copy loss Since 53bp1 À/À mice develop lymphoid malignancies with frequent chromosomal translocations (Ward et al., 2005; Morales et al., 2006) , we compared the frequencies of t(14;18) and t(3;__) in primary DLBCLs with and without 53BP1 copy loss. Although three tumors with 53BP1 copy loss had either t(14;18) or t(3;y), these frequencies were similar to those of DLBCLs with normal 53BP1 copy numbers (data not shown).
53BP1 copy loss in DLBCL subtypes Primary DLBCLs were previously assigned to one of three tumor subtypes, HR, OxPhos or BCR, on the basis of comprehensive transcriptional profiles (Monti et al., 2005) . HR tumors exhibit a prominent host inflammatory/immune response and resemble T-cell/ histiocyte-rich LBCLs, whereas OxPhos tumors have increased expression of genes involved in oxidative phosphorylation and more common structural abnormalities of intrinsic and extrinsic apoptotic pathway components (Monti et al., 2005; Takahashi et al., 2006) . In contrast, BCR DLBCLs express higher levels of multiple BCR signaling cascade components, DNAdamage response proteins such as H2AX and B-cell transcription factors including BCL6; these tumors also have more frequent BCL6 translocations (Monti et al., 2005; Takahashi et al., 2006) . Recent studies also indicate that BCR DLBCLs exhibit unique reliance upon BCL6 signaling and sensitivity to BCL6 peptide inhibitors (Polo et al., 2007) .
Given the known role of BCL6 in modulating DNA-damage responses in normal and malignant 53BP1 copy loss in DLBCL K Takeyama et al germinal-center (GC) B cells (Phan and Dalla-Favera, 2004; Phan et al., 2005) , we asked whether 53BP1 copy loss was more common in BCR DLBCLs. Twenty percent of BCR tumors (7/35) exhibited 53BP1 copy loss whereas only 1/15 (7%) OxPhos and 1/13 (8%) HR DLBCLs had this abnormality. The seven BCR tumors with 53BP1 copy loss also had significantly less abundant 53BP1 transcripts (P ¼ 0.02) (data not shown).
Discussion
Herein, we identify single copy loss of 53BP1 as a frequent genetic abnormality in DLBCLs. Although previous murine genetic models strongly implicated 53bp1 copy loss in lymphomagenesis, the current study is the first report of 53BP1 hemizygosity in primary human lymphomas. In conjunction with murine analyses of 53bp1 þ /À cells, which have reduced levels of the damage response protein and increased chromosomal breakage and aneuploidy (Ward et al., 2003b (Ward et al., , 2005 , the current human studies suggest that 53BP1 haploinsufficiency may be a predisposing event in certain DLBCLs. Like other 'caretaker' genes involved in DNA repair, 53BP1 likely functions in a dose-dependent manner with haploinsufficiency leading to increased genomic instability, additional somatic mutations and lymphoid transformation (Fodde and Smits, 2002) .
The frequent 53BP1 copy loss in BCR DLBCLs suggests that aberrant DNA-damage responses may play a particularly important role in these tumors, potentially in association with programmed DNA breaks of the immunoglobulin locus. As noted, BCR DLBCLs are uniquely reliant upon BCL6 (Polo et al., 2007) , a transcription repressor which targets p53 and inactivates the p53-independent DNA-damage response pathway via Miz-1-dependent transcriptional repression of CDKN1A (Phan and Dalla-Favera, 2004; Phan et al., 2005; Wu and Jelinek, 2005) . In normal and malignant GC B cells, BCL6 likely limits the p53-dependent and p53-independent DNA-damage responses associated with somatic hypermutation and CSR (Phan and Dalla-Favera, 2004; Phan et al., 2005; Wu and Jelinek, 2005) . For these reasons, BCL6-dependent BCR lymphomas may be particularly sensitive to 53BP1 copy loss.
The combined analyses of HD SNP array data and transcriptional profiles underscores the value of wholegenome platforms in identifying previously unrecognized genetic lesions such as 53BP1 copy loss in DLBCL. Since decreased 53BP1 expression has been associated with the progression of preneoplastic lesions to overt carcinomas in certain solid tumors (Gorgoulis et al., 2005) , it is possible that 53BP1 copy loss may be seen in other malignancies analysed with similar platforms.
Materials and methods

Samples
Sixty-three primary DLBCLs from a previously described series (Monti et al., 2005) had additional high-quality DNA available for analysis. Since paired normal DNAs from the DLBCL patients were unavailable, DNAs from a series of 180 normal individuals from the International HapMap Project (http://www.hapmap.org/) were used as reference samples.
High-density SNP arrays and detection of chromosomal copy number alterations Genomic DNAs were extracted from frozen tissues and used for hybridization according to the manufacturer's protocols (Affymetrix Inc., Santa Clara, CA, USA). In brief, DNA was digested with restriction endonucleases (XbaI or HindIII), ligated to the adaptors and amplified by PCR. Thereafter, amplified DNA was fractionated, labeled with biotin and hybridized to the Gene Chip Mapping 100K set (Affymetrix Inc.), which contains a total of 1 15 593 SNPs with a median/ average distance of 8.5/23.6 kb between SNPs.
The scanned data from the SNP arrays were processed with dChipSNP software (Li and Wong, 2001; Lin et al., 2004) . After normalization, the intensity of each SNP in each tumor sample was rescaled using the average intensity of the same SNP across the 180 normal samples (Li and Wong, 2001) . A genome-wide view of inferred copy number was generated by a Hidden Markov Model with dChipSNP as described previously (Lin et al., 2004; Zhao et al., 2004; Garraway et al., 2005) .
A newly developed method GISTIC (Beroukhim et al., submitted) was also used for the detection of copy number alterations. The central feature of GISTIC is that it computes separate scores for amplifications and deletions for each SNP, taking into account both the frequency and average amplitude of these copy number changes. GISTIC assesses the statistical significance of each of these scores (under the assumption that the alterations occur independently of each other within a given sample), using false discovery rate (FDR) q-values (Benjamini and Hochberg, 1995; Storey, 2002) to correct for multiple hypothesis testing. For the application of GISTIC, the normalized raw data were first smoothed by means of a segmentation algorithm (Hupe et al., 2004) . Regions of significant amplification/deletion were defined as contiguous sets of SNPs whose scores had FDR-corrected q-values below a specified threshold (FDRp0.25) (Beroukhim et al., submitted) . A tumor was identified as having copy loss in a specific region if there were less than 1.3 calculated copies of the corresponding SNPs.
Integrated analysis of transcriptional profiles and HD SNP array data Transcriptional profiling of the 63 primary DLBCLs was reported previously (Monti et al., 2005) . To analyse the association between copy number abnormalities and gene transcript abundance, tumor samples were sorted into two classes, those with copy gain (or loss) and those with normal copy numbers. Thereafter, gene expression-based differential analysis was performed to identify genes within the altered region that were significantly up-(or down-) regulated.
Fluorescence in situ hybridization Air-dried touch preparations were obtained from seven DLBCL frozen tissue samples including two cases with predicted 53BP1 copy loss and five cases with predicted normal 53BP1 copy numbers by HD SNP analysis. FISH was performed on sample nuclei using a BAC clone (PR11-355D13, BACPAC Resources Center at Children's Hospital Oakland, CA, USA) that spanned the 53BP1 locus at 15q15. The 53BP1 probe was labeled with SpectrumGreen and cohybridized to nuclei with a chromosome 15 satellite III DNA 53BP1 copy loss in DLBCL K Takeyama et al probe at 15p11.2 (D15Z1, Abbott Molecular/Vysis Inc., Des Plaines, IL, USA) labeled with SpectrumOrange as a control probe. In each case, at least 30 cells with robust, discrete FISH signals were analysed by fluorescence microscopy after nuclear counterstaining with DAPI (4 0 ,6-diamidine-2-phenylindole). BCL2 and BCL6 rearrangements were detected by FISH as described previously (Monti et al., 2005; Takahashi et al., 2006) .
Sequencing
The same primary DLBCL genomic DNAs were used for HD SNP arrays and 53BP1 sequence analyses. The 53BP1 exons and exon-intron junctions were amplified by PCR using the tumor genomic DNA as a template. Primer sequences and conditions for PCR amplification are available upon request. All PCR products were purified by gel extraction and sequenced with an automated sequencer. To assess our sequencing results, we used NCBI sequences of 53BP1 cDNA (NM_005657) and genome (NT_010194.16) as references.
